Long and short repetitive sequences of sea urchin DNA were prepared by reassociation of 2000 nucleotide long fragments to Cot 4 and digestion with the single strand specific nuclease S1. The Si resistant duplexes were separated Into long repetitive and short repetitive fractions on Agarose A50. The extent of shared sequences was studied by reassociating a labeled preparation of short repetitive DNA with an excess of unlabeled long repetitive DNA. Less than 10% of the long repetitive DNA preparation was able to reassociate with the short repetitive DNA. Thus the long and short repetitive elements appear to be principally independent sequence classes in sea urchin DNA. Precisely reassociating repetitive DNA was prepared by four successive steps of reassociation and thermal chromatography on hydroxyapatite. This fraction (3% of the genome) was reassociated by itself or with a great excess of total sea urchin DNA. The thermal stability of the products was identical in both cases (Tm=81°C), indicating that precisely repeated sequences do not have many imprecise copies in sea urchin DNA.
INTRODUCTION
The DNA of the sea urchin Strongylocentrotus purpuratus exhibits short period intersersion of repetitive and nonrepetitive sequences. This highly organized pattern of DNA sequences is similar to that of Xenopus laevis '6 and most eukaryotes which have been studied.710 Only the genomes of a few insects are known to have a strikingly different pattern. 11, 12 The features of the short period of Xenopus interspersion pattern which are germane to this paper may be summarized as follows: (1) the majority of the DNA is single copy sequence (75% in the case of S. purpuratus DNA); (2) a broad spectrum of repetition frequencies is present, ranging from a few copies to many thousands of copies per genome; (3) repetitive and single copy sequences are interspersed, and single copy lengths range from less than a thousand nucleotides to several thousand nucleotides; (4) the interspersed repetitive sequences are typically short with a mode length near 300 nucleotides; (5) a smaller quantity of repetitive sequences occurs with lengths greater than 1000 or 2000 nucleotides; (6) the long repetitive sequences reassociate precisely to yield high thermal stability duplexes, while short repeated sequences are typically Nucleic Acids Research divergent and reassociate to form duplexes of the same length and decreased thermal stability. 13 It has long been recognized that both precisely repeated and imprecisely repeated sequences are Dresent in eukaryote genomes, and that these classes are at least partially separate sets of sequences which do not reassociate with each other.14 We suggested earlier that there is an evolutionary relationship in which long precisely repetitive regions may be precursors to short interspersed sequences which are more divergent but this issue remains unresolved.14-16 The possibility of evolutionary and functional relationships among the various classes of repeated sequences raises a number of important and interesting issues. This paper describes new measurements of the sequence relationships between long and short repetitive sequences and between precisely and imprecisely repeated DNA sequences.
MATERIALS AND METHODS Preparation of DNA DNA was extracted from Strongylocentrotus purpuratus sperm or embryos as described by Graham et al.4
Fragmentation of DNA and Fragment Length Determinations DNA fragments of desired lengths were prepared by shearing in a Virtis-60 homogenizer in a volume of 33 mL 2000 nucleotide fragments were prepared in 0.12 M phosphate buffer (PB), pH 6.8, at 0°C at 12,000-15,000 rpm for 20 min. 300 nucleotide fragments were prepared by shearing in 66% glycerol, 0.01 M Na acetate, pH 6, in a dry ice-ethanol bath at 55,000 rpm for 20 min.
Fragment lengths were determined using isokinetic alkaline sucrose gradients17 in an SW41 rotor (Vmix = 9.8 ml, Cres = 43% w/v, Cflask = 16% w/v in 0.1 M NaOH).
Each length was determined in duplicate with two reference markers in each gradient.
Reference marker lengths were determined by measurement of Kleinschmidt preparations in the electron microscope. DNA Reassociation and Hydroxyapatite Chromatography DNA fragments were reassociated in 0.12 M PB at 60°C or 0.4 M PB at 64°C. After the incubation the DNA was applied to hydroxyapatite columns (BioRad, DNA grade) in 0.12 M PB at 60'C. The single-strand fraction was eluted with 0.12 M PB; duplex-containing fragments were eluted with 0.4 M PB at 60°C or with 0.12 M PB at 100°C. Equivalent Cot for the 0.4 M PB incubations was calculated by multiplying Cot (moles/i sec) by a rate acceleration factor of 4.9.18 S1 Nuclease Digestion DNA samples to be digested with S1 nuclease were reassociated in 0. and digested with the single strand specific nuclease S119, as described in Materials and Methods. The quantity of S1 was chosen so that 78% of the single-stranded DNA was digested by G100 assay (DIG = 0.78).13 Such a digestion results in nearly complete removal of single-strand tails from duplex regions without appreciable digestion of the reassociated divergent repetitive duplexes bound by hydroxyapatite.13
After digestion the Si resistant duplexes were bound to hydroxyapatite (at 600C in 0.12 M PB) and then chromatographed on Agarose A50 to separate them into long and short fractions (Fig. 1) . The fraction of the original total DNA bound to hydroxyapatite was 19.4% and the pooled fractions shown in Fig. 1 To show that the long and short S1 resistant duplex preparations exhibited the characteristics previous observed13 they were melted in a spectrophotometer. The long fraction displayed a Tm less than 10C below that of native DNA of the same length while the short duplex fraction displayed a Tm about 90C lower. This is more than 70C below the Tm of native DNA duplexes of equal length (i.e., about 300 nucleotides). Samples of these two preparations were also redigested at two levels of Sl nuclease and rechromatographed on Agarose A50. With the same enzyme treatment as was used in their preparation (DIG = 0.78) very little change in the length and quantity of the short preparation was observed and the long preparation remained completely excluded from Agarose A50. When ten times more enzyme was used (DIG = 0.97) the long fraction remained 95% resistant and was still excluded. However under these conditions 30% of the short fraction was digested, as measured by its ability to bind to hydroxyapatite, and the mode length was slightly reduced. The difference in behavior is attributable to the fact that the short repetitive DNA duplexes are partially mismatched and under the more severe digestion conditions some of the mismatch sites are cut. Reassociation Characteristics of the Long and Short Repetitive DNA Fractions The labeled long and short repetitive DNA preparations were reassociated in the presence of a great excess of total DNA driver to display the repetition frequencies present. The results are shown in Long and short repetitive fractions of HD were prepared as described in Fig. 1 . The long repetitive DNA fraction was sheared to 300 ntp for this experiment.
Each fraction was reassociated with at least a 1000-fold excess of unlabeled total DNA (450-550 ntp) in 0.12 M PB at 60°C or equivalent, and the reactions were assayed by hydroxyapatite chromatorhy at 600C in 0.12 M PB; (o) total sea urchin DNA driver; (A) long repetitive tracer; (o) short repetitive tracer.
was not sheared since the mode length of the fragments was already 300 nucleotides. The driver DNA was about 450 nucleotides in length. The lower frequency components awe missing or greatly suppressed in the experiments shown in Fig. 2 due to the Cot 4 fractionation which was used in the preparative steps. The long tracer preparation appears to be a little less reactive than the short tracer preparation in Fig. 3 . The repetitive frequencies represented in the long and short preparations are clearly very similar. However the actual frequencies are difficult to assess due to the limited resolution of the second order kinetic measurements. There appear to be components which are half reassociated in the range of Cot 0.3 and others half reassociated around Cot 10. Thus repetition frequencies of around 3000 copies and around 100 copies per haploid genome occur in both the long and short repetitive fractions. and unlabeled long and short repetitive DNA fractions were prepared as in Fig. 1 and the long repetitive fractions were sheared to 300 ntp. Tracers and drivers of the same sequence length class were mixed, denatured and reassociated in 0.12 M PB at 60°C or equivalent, and the duplex fraction was measured by binding to hydroxyapatite.
(A) long repetitive driver plus long repetitive tracer; (o) short repetitive driver plus short repetitive tracer. Table 1 shows the least squares solutions of the kinetics of reassociation.
however, does not affect the following conclusions. That is, the frequency components chosen represent reasonably well both the early part of the total DNA reassociation curve and the long and short tracer curves in Fig. 2 . Least squares analysis of the reaction of the short tracer with the whole DNA in Fig. 2 (Fig. 3) we ask what rate constant can be applied to the first 51% of that reaction and from this value we may calculate the amounts of different sequence with this average rate constant. We use the word "complexity" to refer to these estimates of amount of different sequence even though they may not represent the total complexity of repetitive DNA sequences. The self-reassociation data shown in Fig. 3 permit the precise calculation of the amount of different sequence present if the average "fast" and "intermediate" components accurately represent the repetitive DNA. We make use of the estimates derived from Fig. 2 for the quantity of these components in the long and short tracer preparations. Table 1 shows the rate constants calculated from the data of Fig. 3 Fig. 4. For comparison, Fig. 4 also shows the curve from Fig. 3 for the reaction of short repetitive 3H-DNA tracer with short repetitive driver DNA. The least squares solutions for the kinetic components are given in Table 2 . It is clear that the rate of reassociation of the short preparation tracer with long preparation driver is much reduced compared to the homologous tracer-driver reactions. This low rate of reassociation is a measure of the low concentration of sequence homologous to the repetitive sequences in the long repetition DNA fraction. The fact that the unlabeled long DNA fraction is an effective driver for such reassociation reactions is shown by the curve in Fig. 3 in which the long repetitive 3H-DNA tracer reassociates with long repetitive driver DNA.
The least squares solutions shown in Table 2 indicate a 15-to 20-fold lower rate for the short repetitive 3H-DNA tracer as compared to the long repetitive DNA driver.
We may compare the rate of reassociation of the short tracer with long driver with that of the short tracer and its own labeled short driver preparation. The ratios in this case are 0.12 for the intermediate component and 0.14 for the fast. From these calculations we estimate that between 5 and 15% of the long repetitive DNA preparation is made up of sequences homologous to the short repetitive DNA preparation. However, the small portion of the long preparation which is homologous with the short duplex tracer appears to contain nearly all of the sequences in the latter since the reaction approaches completion. We have no way of knowing whether the small homologous fraction is due to cross contamination or to the occurrence in the genome of representatives of all of the short repetitive sequence families within the long repetitive regions. 1H-DN1trTacer preparation as used for the experiment in Fig. 3 were mixed in a ratio of at least 150/1 and reassociated in 0.12 M PB at 60°'C (o). The left hand curve is reproduced from Fig. 3 and shows the reaction of the short repetitive 3H-DNA with short repetitive DNA driver. To perform this test a high thermal stability fraction was prepared as described in Table 3 . The first four steps consist merely of repeated incubations to repetitive Cot and isolation of the fraction of the DNA which remains duplex above 80CC on hydroxyapatite in 0.12 M PB. At this stage a fraction of the DNA was saved for driver and another fraction was labeled by "gap translation" with E. coli DNA polymerase I to 3 x 106 cpm/iig. The "foldback" fraction was removed from the tracer (step 5) and the high thermal stability fraction again isolated. Thefragment sizes at this stage were (in nucleotides): high thermal stability driver, 980; gap translated high thermal stability tracer, 580; total DNA driver, 300. driver)
a For each fractionation step, DNA was denatured and reassociated in 0.12 M PB at 60`C. Duplexes were collected on hydroxyapatite at 60WC; the temperature was increased to 80°C and the column was washed with 0.12 M PB. DNA not denatured at 80'C was eluted with 0.4 M PB and used for the subsequent fractionation step. The percentages are averages of radioactivity and A260 assay which were closely concordant. The initial mixture consisted of 10 mg of S. purpuratus sperm DNA and about 10 mg (500,000 cpm) of S. purpuratus embryo DNA sEeared to about 1000 nucleotides.
b fraction of DNA incubated at each stage.
c A part of this fraction was "gap translated"' to high specific radioactivity, and the remainder was used for driver in the final measurement.
d Hydroxyapatite thermal chromatogram at 3°C temperature steps. Temperature (°C) Figure 5 . Absence of Reassociation Between High Thermal Stabilit Repetitive DNA and ONA was prepared by successive low Cot incubations and isolation of the fraction eluting from hydroxyapatite above 80°OC at each step ( Table 3 ). The purified high thermal stability fraction (3% of the genome) was labeled in vitro with E. coli DNA polymerase I to a specific activity of 3 x 106 cpm/ug. The hlg the-rmal s-Ublni y tracer was reassociated to Cot 4 either with homologous driver or with total DNA in excess. Duplexes were collected on hydroxyapatite at 601C in 0.12 M PB and fractionated by thermal chromatography. For the reaction with total driver DNA, both the tracer radioactivity and the optical density of the dri'ver were followed. (o) optical density of total driver PNA; (o high thermal stability IH-tracer x homologous driver; (A) high thermal stability aH-tracer x total driver.
Fig . 5 shows the thermal stability of the products of reassociation when this driver was reacted with total sea urchin DNA or the high thermal stability driver DNA from step (4) of Table 3 . There is no detectable difference in thermal stability. Fig. 5 also shows the distribution of Tm of the total repetitive sequences which reassociated by Cot 4. The Tm of this DNA is about 1 VC below that of the high thermal stability fraction.
These observations show directly that the precisely repeated DNA fraction does not reassociate with any measurable quantity of homologous DNA sequence of greater divergence. We conclude that few if any low precision homologues of these high precision repeats exist in the genome.
The high thermal stability fraction includes most of the total precisely repeated DNA sequence in the sea urchin genome. The actual yield at fractionation step 4 (Table  3) is 3% of the genome and probably some loss has occurred. Britten et al. 13 estimate that about 8% of the genome consists of long repeated sequences which reassociate by Cot 20. Fig. 1 indicates that less of the genome is recognized at Cot 4 as long repetitive sequences (6% compared to 8% at Cot 20) . Most of these sequences are of high thermal stability. Considering the preparative losses we feel that the high thermal stability fraction examined in this measurement includes more than half of all of the long high precision repetitive sequences of the sea urchin genome. DISCUSSION The experiments described here show that most of the long repetitive sequences which occur in the sea urchin genome differ from most of the short interspersed repetitive DNA sequences. There is evidence for some overlap between the long and short repetitive DNA preparations used in this work but we do not know whether this is due to cross contamination or to real aspects of sequence organization. For example a few copies of the short interspersed sequences could exist in tandem array or could be surrounded by other repeated sequences in long repetitive sequence elements. The precisely repeated DNA fraction isolated on the basis of its thermal stability lacks detectable divergent relatives in total sea urchin DNA.
We We are faced with two possibilities for the evolutionary relationship of the long and short repetitive sequence classes. They could evolve in complete independence of each other. That is, the evolutionary appearance and disappearance from the genome of long repetitive sequences and of short interspersed repetitive sequences could be unrelated sets of events, and might occur at widely different rates. On the other hand, the short interspersed repetitive sequences might derive during evolution from long repetitive sequences by processes of translocation, followed by sequence divergence.14, 16, 25, 26 The present measurements imply an important restriction on their evolutionary relationship. If short repetitive sequences descend from long repetitive sequences, the rate of breakup and translocation of the long repetitive sequence subelements must be much higher than the basic rate of sequence divergence. Otherwise we would expect to see widespread sequence homology between short and long sequence classes, particularly of inexactly matched sequences.
Our measurements show that the long repetitive sequences are in general little diverged, suggesting that they are either newly formed or are subject to strong selection. In contrast the short repetitive sequences are considerably divergent and in general are unrelated to the long repetitive sequences. Thus for long repetitive sequences to serve as ancestors of short ones the following type of process would have to be envisioned: new long repetitive sequence elements would appear, probably in some form of tandem array, and some of these would be very quickly broken up and distributed around the genome, where they subsequently diverge at the usual rate. This process would occur at a rate sufficient to account for the appearance of new interspersed repeats, and would result in the disappearance of the ancestral long repetitive sequence. Thus at any given time the extant long repetitive sequence class would consist of long repetitive sequences which might serve in the future, as progenitors of short repetitive sequences, plus any others which have special gene or spacer functions. This model has testable implications. It predicts a rapid flow in and out of the long repetitive sequence class, and species specific distribution for the ancestor class of long repetitive sequences. It seems certain that important insights into the nature of genomic evolution will derive from further analysis of this class of repetitive sequences.
